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Molecular Cloning
Human p97 constructs (Supplemental Table 3 ) were cloned as previously described.
1, 2 C-terminal Avitagged R155H/K524A and R155H/K251A mutants used in this study were generated by PCR-mediated site directed mutagenesis using the R155H C-AviTag human p97 pET15_T plasmid. Full-length p37 was cloned as described. 2 Fulllength human p47 was amplified by PCR from cDNA (Open BioSystems; clone ID 3635947), and was subcloned into an N-terminal 6XHis-tag pEt15b vector (Nde1 and Bam H1 restriction sites) that was modified to contain a tobacco etch virus (TEV) site in place of the thrombin site. All plasmids were verified by Sanger sequencing.
Recombinant protein expression and purification 6xHis-tagged full-length WT p97, R155H and A232E mutants were expressed and purified as previously described for full-length p97.
1, 3 C-terminal Avitagged fulllength p97 constructs and the N-terminal Avitagged ND1 construct were overexpressed and purified as described. 1 Recombinant human p37 was overexpressed and purified as described. 2 Recombinant p47 was expressed in E. coli Rosetta 2(DE3) cells by inducing with 0.1 mM IPTG and growing at 22 o C for 16 hours. p47 was purified essentially as described for the p97 proteins. Briefly, p47 was purified on a Ni-NTA column and cleaved with TEV protease. Excess 6xHis-tagged TEV protease and any uncleaved p47 were removed by flowing over a second Ni-NTA column. The p47 protein was polished on a Superdex S200 16/600 column in 25 mM Tris, pH 8.0, 150 mM NaCl, 0.5 mM Tris (2-carboxyethy) phosphine (TCEP). Fractions containing the p47 trimer were concentrated to ~10 mg/mL, flash frozen, and stored at -80 o C.
Surface Plasmon Resonance A Biacore 4000 instrument (GE healthcare) was used to measure nucleotide and p47 binding to p97 proteins. NeutrAvidin-coated sensor chips were prepared on CM5 chips as described. 1 For nucleotide binding experiments, p97 proteins were immobilized to 3000-5000 Response Units (RUs) by injecting 100-500 µg/mL protein for 1 min in immobilization buffer (10 mM HEPES, pH 7.5, 150 mM NaCL, 0.5 mM TCEP, and 0.05% Tween 20 as described. 1 Binding of ADP (0-150 µM; 2.5 fold dilutions), ATP (0-150 µM; 3 fold dilutions) and ATPγS (0-37.5 µM; 3-fold dilutions) were measured in duplicate in assay buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP, 0.05% Tween 20) at 20 o C as described. 1 Sensorgrams were processed in scrubber and fit using a 2-site or 1-site kinetic model in Scrubber2 (BioLogics Software) or CLAMP. 4 For p47 and p37 binding experiments, p97 proteins were immobilized to 500-900 RUs by injecting 4-6 µM/mL protein for 2 min using immobilization buffer. Binding of the p47 cofactor (typically 0-4 µM; 2.5-fold or 2-fold dilutions) and p37 cofactor (typically 0-640 nM; 2.5 fold dilutions) were measured at 20 o C in duplicate (or a single replicate for p47 binding to A232E) using assay buffer that was supplemented with 0.1% Prionex (Calbiochem). To measure binding in the presence of nucleotides, 100 µM ADP or 100 µM ATP was added to the assay buffer. Sensorgrams were processed and data were fit to a 2-site equilibrium model in Scrubber2 as described. 2 
Fluorescence Anisotropy
Fluroescence anisotropy experiments using BODIPY-FL ATP (Life Technologies) and EDA-ADP-ATTO-448 (Jena Bioscience) probes were completed as described 1 with the following exceptions: 10 µL of protein (50 µM to 5.9 pM; 2-fold dilutions) was mixed with 10 µL of BODIPY-FL ATP or EDA-ADP-ATTO-448 ligand (20 nM). Additionally, fluorescence anisotropy binding data was fit with equation 1 in GraphPad Prism 6.0.
Where A is anisotropy, A f is the anisotropy of the probe, A b is the anisotropy of the p97-probe complex, and R T is the total amount of p97. Figure S1 . SPR sensorgrams for the binding of nucleotides to full-length WT and MSP1 mutants. Representative SPR sensorgrams (black lines, n=2) and 1:1 kinetic fit (orange lines) for ADP (0-150 µM; 3-fold dilutions) ATP (0-150 µM; 3-fold dilutions) and ATPγS (0-37.5 µM; 3-fold dilutions) binding (A) FL WT p97, (B) R155H mutant, and (C) A232E mutant. Binding affinities (K D values) for the D1 and D2 ATPase domains calculated from a 2-site kinetic fit are indicated for each sensorgram. On-and off-rates are listed in Supplemental Table S1 . (residues 1-458 ) of p97. Normalized equilibrium SPR response fit to a 2-site equilibrium binding model and SPR sensorgrams for FL human p47 binding to the p97 ND1 domains in the absence (0 -4 mM; n=2 at each concentration) or presence of 100 µM ADP (0 -4 µM; n=2 at each concentration) or 100 µM ATP (0 -4 µM; n=2 at each concentration). The orange line on the sensorgram represent the response range used to determine the equilibrium fit. Fitting to a single-site model gave poor fits to the dose-response data. Figure S5 . Binding of the adaptor p37 to WT p97 and MSP1 mutant R155H. Normalized equilibrium SPR response fit to a 1-site equilibrium binding isotherm and SPR sensorgrams for FL human p37 binding to (A) WT p97 and (B) R155H in the absence (0-640 nM; 2.5 fold dilutions) or presence of 100 µM ATP (0-256 nM; 2.5 fold dilutions) or 100 µM ADP (0-640 nM; 2.5 fold dilutions). The orange line on the sensorgram represent the response range used to determine the equilibrium fit. Figure S6 . Binding of the adaptor p47 to the A232E p97 mutant. Normalized equilibrium SPR response fit to a 2-site equilibrium binding isotherm and SPR sensorgrams for FL human p47 binding to A232E in the absence (0-0.51 mM; 2.5-fold dilutions) or presence of 100 µM ADP (0-4 µM; 2.5-fold dilutions) or 100 µM ATP (0-4 µM; 2.5-fold dilutions). The orange line on the sensorgram represent the response range used to determine the equilibrium fit. 0.76 ± 0.03 1.13 ± 002 14900 ± 100 15200 ± 200 14700 ± 200 R155H-K251A 0.53 ± 0.08 0.70 ± 0.01 13200 ± 300 13300 ± 100 14600 ± 3600 1 Kinetic parameters for curves shown in Figure 1 and Supplemental Figure S3 . Errors are standard errors of the mean of the fit (n=2 per concentration). 2 Binding affinities were determined using a 1:1 equilibrium fit for sensorgrams shown in Figure 1 and Supplemental Figure S3 . Errors are the standard of the mean of the fit (n=2 per concentration) 3 Average KD value calculated from kinetic fits (n=3, each in duplicate). Errors are the standard deviation of the mean. 
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